Leukocyte potassium has been measured in normal subjects and in malnourished children with and without edema both on admission and during recovery. In nonedematous malnourished children the potassium content was low (328 mmol/kg dry solids) and took 2-3 weeks of rehabilitation to return to normal (374 mmol/kg dry solids). Leukocytes from edematous children had normal intracellular potassium values. However, 5 days on a maintenance diet reduced the intracellular potassium in the children with kwashiorkor to a value similar to that found in marasmus. Plasma potassium was significantly lower in kwashiorkor (3.43) than in marasmus (4.74), The relationship between external potassium and internal potassium in normal leukocytes was measured (Fig. 
Summary
Leukocyte potassium has been measured in normal subjects and in malnourished children with and without edema both on admission and during recovery. In nonedematous malnourished children the potassium content was low (328 mmol/kg dry solids) and took 2-3 weeks of rehabilitation to return to normal (374 mmol/kg dry solids). Leukocytes from edematous children had normal intracellular potassium values. However, 5 days on a maintenance diet reduced the intracellular potassium in the children with kwashiorkor to a value similar to that found in marasmus. Plasma potassium was significantly lower in kwashiorkor (3.43) than in marasmus (4.74), The relationship between external potassium and internal potassium in normal leukocytes was measured ( Fig.  1) and the values found in severe malnutrition compared with normal. It was found that in nonedematous malnutrition intracellular potassium was low compared to the predicted value, whereas in kwashiorkor, although the mean values were normal, no relationship between external potassium and intracellular potassium could be demonstrated. It is concluded that in the leukocyte malnutrition alters either the passive permeability of the membrane to potassium or the active transport of potassium, or both. Speculation Intra-and extracellular potassium are normally related in leukocytes; therefore, the measurement of the relationship between plasma and leukocyte potassium may provide a means of distinguishing between simple negative balance for potassium and potassium depletion secondary to a disorder of membrane function.
There is no simple, easily repeatable measurement which will give an indication of potassium status in severely ill patients. Less than 5% of body potassium is present in the extracellular fluid so that comparatively trivial shifts to or from the cells, particularly in the presence of impaired renal function, will induce large changes in plasma potassium. In addition, because behavior or the sodium potassium exchange pump or "sodium pump" has not been defined in most pathologic states, we cannot predict the relationship between plasma potassium and htracellular potassium in disease. Small changes in the "passive" permeability characteristics of the cell membrane or larger reductions in the activity of the sodium pump would lead to changes in the relationship between extracellular potassium and intracellular potassium. With these considerations in mind it is not surprising that Flear et al. (9) and Moore et al. (20) found no relationship between total exchangeable potassium and plasma potassium in a group of patients with a variety of severe illnesses.
The possible methods for measuring potassium status in man have been recently reviewed (24) . They include whole body counting of ' OK, which requires expensive equipment, measurement of total exchangeable potassium with 4 2~, which raises ethical problems in children, muscle biopsy, which cannot be repeated often in children, or measurement of potassium in cells obtained from blood. Unfortunately, there is a reciprocal relationship between hemoglobin and intracellular potassium (millimoles per kg dry solids) in red blood cells (18) which necessitates a correction for hemoglobin before results can be interpreted (14) . This phenomenon can lead to misleading estimates of potassium requirements if based upon red cell measurements (16) . Leukocytes are the only other readily available cells. Leukocyte potassium has been shown to be a good measure of change in potassium status compared to total exchangeable potassium and potassium balance in simple dietetically induced potassium depletion (23) . In this situation plasma potassium was also a useful indicator, confirming a previous statement by Welt (30) . On the other hand, in uremia, where impairment of the sodium pump is. well documented (22) , there was no relationship between plasma potassium and leukocyte potassium. The other advantages of leukocytes have been emphasized by Baron (4) .
The purpose of this paper is to present a series of measurements of potassium in leukocytes obtained from malnourished children and to relate the results to the extensive literature concerned with potassium metabolism in these children. This literature has been excellently reviewed (2, 11) . Finally, the value of relating intraand extracellular potassium is illustrated by comparing the results obtained in leukocytes from malnourished children with those obtained from normal subjects.
SUBJECTS AND METHODS

SUBJECTS
The subjects were children admitted to the Tropical Metabolism Research Unit of the University of the West Indies, Kingston, Jamaica. They were all severely malnourished and were diagnosed as either kwashiorkor, marasmic kwashiorkor, or marasmus according to the Wellcome Classification (29) . Written permission for the investigation was obtained from the parents after explaining the nature of the investigation and, in particular, its lack of immediate benefit to the children. The children selected for the study did not have severe gastroenteritis or severe acid-base disturbance at the time of study.
After admission the children were placed initially on a "maintenance diet" providing 95 cal/kg/24 hr and 0.6 g protein/kg/24 hr. The diet was supplemented with potassium (4 mmol/kg/24 hr) magnesium (mmol/kg/24 hr), iron, and vitamins. This diet, unlike their previous diet, contained all necessary nutrients, but only sufficient protein and energy to maintain body weight. This period is sufficient to allow repletion of a simple dietary deficiency of potassium (7) and also allows time for at least some improvement in vitamin and other nutrient deficits.
After this initial period, usually 5-10 days, the children were given a milk-based diet supplemented with oil which provided 135 ca1/100 ml and 3.1 g protein/100 ml. The children were fed every PATRICK 4 hr ad libitum and usually consumed between 150 and 200 cal/kg/24 hr. This regime has been described by Ashworth (3) .
Supplementation of the diet with potassium and magnesium was continued for 3 weeks. The potassium content of the unsupplemented diet was 36 mmol/liter.
Studies were performed on admission, after loss of edema on the maintenance diet, during rapid weight gain, and on recovery, which was defied as the time when the child reached expected weight for length using Stuart and Stevenson's standards (27) . The time for loss of edema varied from 1-18 days with a median value of 7.
TIMING OF STUDIES potassium concentrations were adjusted to those of the plasma. After 20 min the cells were centrifuged in the preweighed plastic bags described by Baron and Ahmed (5) (1969) (some types of flat polythene tubing contain substances which cause an increase in intracellular sodium). The cells were dried to constant weight in a freeze drier, then reweighed and digested in 0.1 M HN03 overnight before reading by flame photometry (Instrumentation Laboraton 343). The res;lts can then be expressed as millimoles per kg dry solids without the use of an extracellular fluid correction because in the
frnal specimen more than 98% of both solids and potassium are intracellular. The values obtained with and without an extracellular fluid marker were usually within 1% of each other, the maximum difference being 7 G o 1 (n = 19 pairs, means 378 and Children with edema were studied between days 1 and 5 with 381). The value obtained without the ECF correction is always a median value of 1. Studies after loss of edema were performed the between days 3 and 18 with a median value of 7. Marasmic
The experiments to determine the relationship between intrachildren were studied between days 1 and 13 with a median value and extracellular potassium in leukocytes obtained from normal of 2. The studies during rapid growth were in the phase subjects were performed at values for external potassium between between days and 30 with a median of Studies On 0 and 13 mmol/liter. The protocol was essentially the same as that recovered were performed between days 23 and with used for the measurement of potassium fluxes (15) . The cells were a median value of 65.
obtained from healthy young adults except on three occasions The edema-free weights of the with kwashiorkor where blood was available from 2-to 3-year olds who were having ranged from 4.7-1 kg with a median of 7.0 kg' Their ages blood drawn for other reasons. The incubation time used was 40 ranged from 6-27 months with a median value of 13 months.
min, which is long enough for equilibration to a new external The marasmic children weighed between 3.5 and 6.8 kg (median potassium concentration to occur. value 5.1 kg). Their ages ranged between 6 and 19 months (median value 12 months). ~x e chiidren with kwashiorkor therefore re-
RESULTS
ceived an average of 40% more potassium than the marasmic children. All children received a daily supplement of potassium equivalent to approximately one-tenth of their whole body potassium.
METHOD OF OBTAINING CELLS
The method of obtaining the cells is essentially that described by Baron and Ahmed (5) with the following minor modifications. Blood, 8-10 ml, was taken from a large vein into a syringe. A small portion was set aside for measurement of plasma electrocytes and to the syringe was added 2.5 ml dextran 250 (Pharmacia, Sweden) in Kreb's bicarbonate buffer (pH 7.4). The syringe was then inverted and sedimentation allowed for 20-25 min. The leukocyte-rich supernatant was then removed from the syringe through suitable polythene tubing (a pediatric scalp vein infusion set with the needle removed works well). The leukocyte-rich supernatant was then centrifuged twice, at 160 g for 5 min and again at 200 g for 3 min in polystyrene tubes (contact with glass should be avoided at all times). The pellets of mixed leukocytes and erythrocytes were resuspended in the minimum quantity of buffer and subjected to hypoosmolal lysis with distilled water for 13 sec, after which isoosmolality was restored with hyperosmolar Hartman's solution. The cells were then incubated in Kreb's bicarbonate buffer (pH 7.4) with 6 mmol glucose. The sodium and All of the values for leukocyte potassium are expressed as mrnol/kg dry solids. Leukocyte potassium was normal in children with edema but low after loss of edema. Intracellular potassium was low in marasmic children. Two to 3 weeks of high energy feeding were necessary for a return to normal values. Potassium supplementation during the period of maintenance energy feeding did not lead to an increase in leukocyte potassium content. The data is presented as a statistical summary in Table 1 . Differences were tested by Student's t-test.
Because there is a relationship between external and internal potassium in normal leukocytes, we were interested to see whether this persisted in the malnourished state. The normal relationship obtained in cells largely obtained from young adults is shown in Figure 1 . It can be seen that cells obtained from marasmic children have lower than expected intracellular potassium values for their plasma potassium, whereas those from chiidren with edema were nearer to the predicted value. Plasma potassium values were lower in kwashiorkor than marasmus (Table 1) . This difference persisted even when careful matching for time of sampling was included in the analysis to avoid any disproportionate effect of the routine potassium supplementation. Thus, comparison' of plasma potassium values obtained on day 1 showed that children with edema had a plasma potassium of 3. 
Plasma potassium values are shown in parentheses. The change in plasma potassium associated with loss of edema was significant at the 5% level. It is unlikely, therefore, that the difference in intracellular potassium between marasmus and kwashiorkor could be simply the result of dietary potassium deficit. In such a situation one would expect to preserve the relationship between extra-and intracellular potassium which is found when cells are incubated in low potassium media. This was not so, as Figure 2 demonstrates. The normal relationship is curvilinear. In the range 0-3 mmol/ liter small c h 3 e s in extracellular potassium induced .large changes in intracellular potassium. Even in the physiologic range the effect was important. Only above 6.0 mrnol/liter is the effect insignificant.
Consequently, it is possible from these simple measurements of the relationship between plasma and leukocyte potassium to deduce that the physiology of sodium and potassium transport must be impaired in protein-energy malnutrition beyond the degree which would be expected from simple potassium deficiency. This conclusion has been demonstrated to be justified (25) .
DISCUSSION
The results presented here indicate that considerable changes in leukocyte electrolyte metabolism occur in severe malnutrition. The finding of a reduction in leukocyte potassium of approximately 15% in malnourished children without edema compared to children who had recovered was similar to results obtained from whole body counting of 40K in Jamaica (12) and South Africa (18) and from measurements of total exchangeable potassium with 42K
in Jamaica (26) . However, in Guatemala a much greater depletion was found in edematous children (21), possibly because of the much greater problem with gastroenteritis in Guatemala. Similar reductions in potassium have been found in muscle biopsies (10, 28) , but where whole body potassium was severely reduced muscle lost a disproportionate amount (2) .
Whole body studies have usually found that kwashiorkor was associated with lower potassium values than marasmus (12). However, in this study, leukocyte potassium in the presence of edema was normal whereas after loss of edema it reached the same low value found in marasmic children. There are three points to make in relation to this finding. First, whole body measurements using body weight as the reference unit would produce lower values in edematous children because of the increased extracellular fluid with its small potassium content even if the cellular potassium content were the same in marasmus and kwashiorkor. Most workers have attempted to correct for this by using minimal or edema free weight but even in the absence of edema the extracellular fluid space can be increased as much as 10% (8) . Second, it is important to emphasize that the leukocytes were incubated in vitro for some 20 min before final preparation of the specimen and it is possible that potassium was gained during that period, as perusal of Figure 1 shows. Certainly this effect cannot be representative of the body as a whole because it has been shown that a gross negative balance for potassium does not occur in the period of loss of edema (21). Third, the effect of external potassium on internal potassium will be dependent upon intracellular sodium because of obligatory linkage between potassium influx and sodium efflux. A low intracellular sodium will limit the increase in potassium influx. Therefore, one would predict a small effect of external potassium on internal potassium in the red cell which has a very low intracellular sodium (approximately 5 mmol/liter cells) compared to the leukocyte (approximately 40 mmol/liter cell water). In this respect the red cell may be atypical of the body as a whole in that external K has also been shown to increase muscle potassium (6) .
The increase in plasma potassium during the first few days had been commented upon previously. Kingston (17) has also drawn attention to the very low potassium values which occur in some children with kwashiorkor. It seems unlikely that this hypokalemia is a result of simple potassium deficiency. In one child we have studied the low plasma potassium persisted for 5 days despite 32 mmol oral potassium daily, Le., nearly 50% of his expected total body potassium content. The eventual increase in plasma potassium correlated with a fall in leukocyte potassium which does seem to imply a fundamental defect in potassium physiology rather than a simple deficit dependent upon gastroenteritis or dietary inadequacy. Since this child was receiving 0.6 g protein/kg the hypokalemia cannot be explained on the basis of the rapidly increasing cellular capacity for potassium which Alleyne et at. (2) emphasized as a reason for potassium retention during rehabilitation.
If the transport system were normal in the leukocytes obtained from malnourished children without edema then the expected value for leukocyte potassium for a plasma potassium of 4.0 would be in the range of 380-450 (mrnol/kg dry solids), but it was 332. We therefore conclude that the transport system in marasmus is not capable of responding to external potassium concentration in the normal way (13) . Measurements of the rate constant for sodium eMux in leukocytes obtained from malnourished children support this view (23) .
In the children with edema the mean plasma potassium for the whole group was 3.43, and the range was from 2.1-5.0. Despite this range there was no correlation between plasma potassium and intracellular potassium, although most intracellular values were within the normal range. Thus in kwashiorkor the major determinant of the behavior of the transport system appears not to be extracellular potassium. We therefore conclude that there is a second and different transport abnormality present in leukocytes obtained from children with kwashiorkor. This conclusion is supported by the entirely different time course and nutritional intake during the changes in leukocyte potassium associated with loss of edema compared to those associated with recovery of normal bodily proportions.
Leukocyte potassium measurements therefore give a similar picture of the process of potassium repletion in malnutrition unassociated with edema to that given by other methods of
